A single polyaniline (PANI) nanowire-based biosensor was established to detect immunoglobulin G (IgG) and myoglobin (Myo), which is one of the cardiac biomarkers. The single PANI nanowires were fabricated via an electrochemical growth method, in which single nanowires were formed between a pair of patterned electrodes. The single PANI nanowires were functionalized with monoclonal antibodies (mAbs) of IgG or Myo via a surface immobilization method, using 1-ethyl-3-(3-dimethyaminopropyl) carbodiimide (EDC), and N-Hydroxysuccinimde (NHS). The functionalization was then verified by Raman spectroscopy and fluorescence microscopy. The target proteins of IgG and Myo were detected by measuring the conductance change of functionalized single PANI nanowires owing to the capturing of target proteins by mAbs. The detection limit was found to be 3 ng/mL for IgG and 1.4 ng/mL for Myo. No response was observed when single nanowires were exposed to a non-specific protein demonstrating excellent specificity to expected target detection. Together with the fast response time (a few seconds), high sensitivity, and good specificity, this single PANI nanowire-based biosensor shows great promise in the detection of cardiac markers and other proteins.
Introduction
Various biosensors based on new materials have been developed that improve the resolution of detection, cost efficiency, and portability for diagnosis of diseases (Masson et al. 2006) . The diagnosis of cardiovascular disease, a leading cause of death, requires the detection of cardiac biomarkers such as myoglobin (Myo), cardiac troponin I (cTnI), creatine kinase-MB (CK-MB), and B-type natriuretic peptide (BNP) (Hamm 2001) . Many research groups have employed methods such as fluorescence absorbance (Darain et al. 2009 ), nanomechanical cantilever array (Arntz et al. 2003) , and surface-enhanced resonance Raman scattering (Cotton et al. 1980) for cardiac biomarker sensing. In current technology, sensing of cardiac biomarkers requires substantial time due to the slow response of measurement methods such as sandwich ELISA (Ishii et al. 1997 ) and sample preparation from human serum. To achieve label-free and highly sensitive detection, nanomaterials such as nanowires, nanoparticles, and carbon nanotubes are very appealing due to their fast transport of electrons in one-dimensional structure (Wanekaya et al. 2006) . In this regard, nanowirebased biosensors have been widely investigated because of the advantages of nanowires such as high sensitivity as a result of the high surface to volume ratio, low power consumption, and the potential for miniaturization of application devices (Gooding 2006; Patolsky et al. 2006) . To date, nanowire-based sensors have demonstrated good reproducibility, portability, and label-free detection (Ishikawa et al. 2009 ).
In order to utilize nanowires for biosensors, functionalization of the nanowire is one of the essential steps in satisfying requirements such as high resolution and good specificity of target detection. Several biomolecular functionalization methods have been developed including entrapment of bio-receptors, conjugation of biotin-streptavidin, and surface immobilization of monoclonal antibodies (mAbs) (Muhammad-Tahir and Alocilja 2003; Sangodkar et al. 1996) . Among these functionalization methods, the surface immobilization method is easy and efficient as many biomolecules can be covalently coupled on the surface area of nanowires. Furthermore, many nano-biosensors have been developed by employing inorganic nanowires or carbon nanotubes through the chemical bonding of bio-receptors to their surfaces (Tang et al. 2006) . However, surface immobilization of inorganic nanowire often requires multiple steps of chemical reaction due to its low reactivity to biomolecules (Luo et al. 2006) . In this regard, organic nanowires, such as polyaniline (PANI) and polypyrrole (Ppy), are very promising candidate materials for biosensor applications because they can be functionalized relatively easily because of the tunability of the doping ratio on the amine group to provide the functional group to biomolecules (Ahuja et al. 2007 ).
Conducting polymers such as PANI and Ppy have been fabricated into thin films, powders, nanoparticles, or nanowires and utilized for chemical or biosensors taking advantage of their wide range of conductivity, ease of synthesis, environmental stability, and biocompatibility (Adhikari and Majumdar 2004) . Although various biosensors based on conducting polymer nanowires have been developed, many of them only use bundled nanowires or nanowire arrays, which limit the development of a single nanowire application (Kwon et al. 2010) . In this regard, the promising direction is in the use of a single nanowire or limited number from selected nanowires in order to achieve high sensitivity and constant performance of biosensors. However, due to the difficulty of handling a single nanowire, only a few biosensors based on a single nanowire have been developed (Yun et al. 2004) , and they exhibited poor reproducibility as the single nanowire in those biosensors are randomly positioned (Gao et al. 2007) .
In this research, we have demonstrated a novel conductometric biosensor based on a functionalized single PANI nanowire to detect immunoglobulin G (IgG) and Myo. A conductometric nanowire biosensor provides fast detection, good specificity, and high sensitivity induced through the conductance change of nanowire without tedious processes such as sample preparation, separation, or some signal filtering process required in amperometric biosensors (Muhammad-Tahir and Alocilja 2003; Wang et al. 2005) . Single PANI nanowires were fabricated via an electrochemical growth method, which deposited PANI along a nanochannel bridged on a pair of patterned electrodes with in situ electropolymerization. Unlike other nanowire fabrication methods such as electrochemical deposition through anodic aluminum oxide (AAO) template or electrospinning, which generates bundles of nanowires and requires a post-assembly for device application, an electrochemical growth method enables the direct fabrication of a single site-specific nanowire. After using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and NHydroxysuccinimde (NHS) (Dong et al. 2008) , the fabricated single PANI nanowires were functionalized with IgG and Myo mAbs. The single PANI nanowire biosensor shows high sensitivity with a very low detection limit and good sensing linearity in response to broad concentration ranges of target proteins such as IgG and Myo. The proposed method represents a novel, robust, and simple way to establish single PANI nanowire biosensor chips. The same mechanism will be applied to different conducting polymer nanowires and various sensing targets.
Experimental

Reagents
Aniline (≥99.5%), EDC, NHS, and bovine serum albumin (BSA) were purchased from Sigma Aldrich. Phosphate buffer solution (PBS, pH 7.4) was used to prepare the solutions of EDC (0.2 M), NHS (0.2 M), BSA (100 ng/mL -2 mg/mL), IgG (1 ng/mL -10 µg/mL), and Myo (1 ng/mL -10 µg/mL). Goat anti-rabbit IgG mAbs and IgG protein were purchased from Invitrogen. Myo mAbs and human cardiac Myo were purchased from Abcam to demonstrate a single PANI nanowire-based cardiac biosensor.
Preparation of the single PANI nanowire via electrochemical growth method
The single PANI nanowire was grown using electropolymerization of ionized aniline monomers in a nanochannel. Pre-patterned Au electrodes and nanochannels were built up lithographically using an e-beam evaporator (VE-180, Thermionics) and an e-beam lithography machine (e-line, Raith) as shown in Fig. S1A (See supplementary data). The width of the nanochannel is 100 nm and the distance between two electrodes is 5 µm. Single PANI nanowire growth was achieved using a probe station and a semiconductor device analyzer (B1500A, Agilent); a 0.4 µL aniline solution (0.01 M in 0.1 M HCl) was dropped covering the nanochannel while a static current was applied between the two metal electrodes as illustrated in Fig. S1B , explained in detail elsewhere (Lee et al. 2008) . The measured voltage between the two metal electrodes was monitored in the process of nanowire growth via a semiconductor device analyzer. The nanowire growth was completed when the voltage across the nanowire dropped to the order of microvolt, indicating a short circuit had been achieved. The fabricated single PANI nanowires were immersed in acetone for 5 min and rinsed with deionized water for 1 min. This step was performed to remove the polymethylmethacrylate (PMMA) layer and coagulate the nanowires by dehydration of the backbone of the PANI (Pomfret et al. 2000) . The fabricated single PANI nanowire is illustrated connecting a pair of electrodes as shown in Fig. S1C .
Functionalization of the single fabricated PANI nanowire
In order to develop a biosensor based on the single PANI nanowire, surface immobilization of the nanowire was employed using mAbs of target proteins, EDC, and NHS. This method involves coupling mAbs to the single PANI nanowire, with EDC/NHS facilitating the covalent bonding. In this research, the mixture solution of EDC/NHS (0.2/0.2 M) with mAbs of target proteins was dropped on the top of single PANI nanowires and incubated for 3 h at room temperature in a dark area. Then these single PANI nanowires were washed using a PBS and deionized water to eliminate un-immobilized mAbs. The concentrations of mAbs were varied from 50 µg/mL, 100 µg/mL, and 200 µg/mL for optimizing the functionalization condition. The covalently coupled mAbs on the single PANI nanowire play roles of receptors in detecting target proteins and inducing the change of conductance in the single nanowire after binding the target proteins to mAbs. After surface immobilization, the single PANI nanowires were soaked in a high concentration of BSA (2 mg/mL) for 30 min to block the non-specific protein interactions to the biosensor. For a specific sensing test, IgG mAbs were employed to sense the IgG proteins. IgG sensing development provides fundamental mechanism of the single PANI nanowire biosensor thorough characterization and optimization with relatively lower cost. The findings for single PANI nanowire biosensing can then be applied to sensing other proteins such as Myo in this work. Therefore, we used Myo mAbs for cardiac biomarker sensing. Fig. S1D illustrates a functionalized single PANI nanowire with mAbs for the biosensor.
In order to verify the surface immobilization on the single PANI nanowire, the Texas Red labeled IgG mAbs were functionalized on the single PANI nanowires, and those nanowires were imaged under a fluorescence microscope (Axioskop 2 MAT, Carl Zeiss) using a camera (AxioCamMRC5, Carl Zeiss) attached to the scope and software AxioVision Rel 4.2. Additionally, scanning electron microscopy (SEM, E-Line, Raith) and Raman spectroscopy (inVia, Renishaw) were used to study the change of surface morphology and the chemical structure on the nanowires before and after the functionalization, respectively.
Measurement of conductance change to sense target proteins
The functionalized single PANI nanowires were used to detect target proteins of IgG and Myo in broad range from a single ng/mL to a single µg/mL by measuring conductance changes of the functionalized single PANI nanowires at room temperature (23 ± 2 °C) due to similarity to practical case. The bio-activity of antigen or antibody is dependent to the change of temperature. But, it is ignorable that the biosensing is carried out in small variance of temperature like ± 2 °C (Ruben et al. 1977) . The conductance changes due to the binding of target proteins were measured with a semiconductor device analyzer, which was connected to the measurement box where the functionalized single PANI nanowires biosensors were mounted. The measurement was carried out applying a static current of 50 nA with a sampling ratio of 2 Hz. A baseline of the conductance was first obtained by measuring the conductance values from the functionalized single nanowire in PBS solution. The conductance changes between initial baseline in PBS and measured conductance values at specific concentrations of target proteins were used as the sensing signal. It was possible to develop the highly sensitive biosensor due to the resolution of the single nS scale of the semiconductor device analyzer and the customized aluminum measurement box to shield external noise.
Results and Discussions
Functionalization of the single PANI nanowire
In order to verify functionalization on the single PANI nanowire, several techniques were employed using characterization samples in this research. SEM images show the change of morphology from the before and after functionalization of single PANI nanowires, respectively, while destroying biosensor functionality. The non-functionalized single PANI nanowire shows a width of 105.4 nm with a smooth and clean surface as shown in Fig. 1A . After the functionalization, some particles on the nanowire were clearly observed in Fig. 1B . The size of those particles was measured from 10 nm to 15 nm in diameter. In addition, the surface of the functionalized single PANI nanowire became rougher than the nonfunctionalized one as compared in Fig. 1A and Fig. 1B . Therefore, it is speculated that those particles are the immobilized IgG mAbs, where the average size of the IgG mAbs are consistent with the range of SEM measurement, or their aggregations. Similar results were also reported by other research groups (Kwon et al. 2010; Zhang et al. 2001 ).
For easy characterization, the functionalization of PANI with IgG mAbs was first tested on PANI thin films. The functionalized PANI thin film with fluorescently labeled IgG mAbs was observed under a fluorescence microscope. It is an effective method to identify the firmly immobilized mAbs on expected areas such as only PANI thin film or nanowires using the fluorescent lights tagged on IgG mAbs (See Fig S2A) . As shown in Fig. S2A , fluorescent dots are evenly distributed on the PANI thin film surface indicating that the mAbs were successfully immobilized on the PANI thin films. Further characterizations of the thin film structure were performed using Raman spectroscopy as shown in Fig. S2B . The Raman spectrum of the non-functionalized PANI thin film in this work has typical peaks of doped PANI on 1590 cm −1 (C=C bonding), 1480 cm −1 (C=N bonding), 1431 cm −1 (C-C stretching), 1220 cm −1 (C-N stretching), 1165 cm −1 (in-plane C-H bending), 840 cm −1 (Amine deform), 779 cm −1 (Ring deform), and 750 cm −1 (Imine deform). Those peaks are characteristics of a doped conducting PANI structure (Zhang et al. 2005) . The spectrum of the PANI thin film structure after functionalization presents new peaks at 1638 cm −1 and 1240 cm −1 , which represent the chemical structure of Amide I (1638 cm −1 ) and Amide III (1240 cm −1 ) in IgG mAbs (Painter and Koenig 1975) . Hence the comparison of Raman spectra clearly shows the existence of IgG mAbs on the functionalized PANI thin film structure.
Next, the functionalized single PANI nanowires with IgG mAbs were characterized using fluorescence microscopy and Raman spectroscopy. As shown in Fig. 1C , the red fluorescence is only seen on the region of the single PANI nanowire between the electrodes. The fluorescence was emitted from the fluorescent dyes on IgG mAbs that were immobilized on the surface of the single PANI nanowire via the functionalization process. We found that IgG mAbs emit strong enough fluorescence despite the very small size of the single nanowire, because the IgG mAbs agglomerate together as shown in the SEM image. Raman spectra before and after the functionalization of the single PANI nanowires are also shown in Fig. 1D . The single PANI nanowire structure and the thin film results are similar. The functionalized single PANI nanowire structure also shows peaks at 1240 cm −1 and 1638 cm −1 as compared to the Raman spectrum of the PANI thin film structure. However, the Amide III band of IgG mAbs at 1240 cm −1 in the single PANI nanowire has a relatively weak peak due to the strong intensity of the single PANI nanowire at 1220 cm −1 after functionalization. These characterizations confirmed the successful immobilization of IgG mAbs on the single PANI nanowire. Therefore, in this research, we employed this functionalization method to develop a single PANI nanowire biosensor for the detection of IgG and Myo.
IgG biosensing
The detection of proteins such as IgG and Myo on the single PANI nanowire biosensor is based on measuring the conductance changes of the single nanowires to target proteins and their different concentrations. The IgG protein was first tested to demonstrate the feasibility of the single PANI nanowire biosensor using a conductometric mechanism in this research.
Various tests on non-functionalized and functionalized PANI nanowire biosensors for IgG detection are presented in Fig. 2 . The non-functionalized PANI nanowire biosensor shows no changes of conductance to PBS (pH 7.4), BSA (10 µg/mL), and IgG, which indicates non-response to PBS and proteins to identify non-sensibility of the non-functionalized PANI nanowire, as shown in Fig. 2A . In Fig. 2B , for the functionalized single PANI nanowire biosensor with IgG mAbs, its conductance increases with the injection of PBS due to the change of the surface charge induced from the net electrical charge of IgG mAbs. As can be seen Fig. 2B , there is no response to injected BSA (50 ng/mL) and a distinct response to IgG (33 ng/mL) from BSA injection, showing a good specificity of the biosensor to IgG. In Fig.  2C , in sensing different concentrations of IgG, the functionalized single PANI nanowire with 100 µg/mL IgG mAbs shows stepwise changes along different concentrations of IgG detecting the lowest level of 5 ng/mL IgG and non-response to high concentration of BSA (5 µg/mL).
The conductometric sensing mechanism of the single PANI nanowire biosensor, where the nanowire is a p-type, can be explained by field-effect behavior (Chua et al. 2009; Gerard et al. 2002; Lin et al. 2010) . When negative surface charges are applied to a p-type nanowire, its conductance is increased with accumulation of the major carrier in the nanowire. The IgG protein has a weak negative charge in PBS (pH 7.4) due to its isoelectric point (pI) value of 7.2. The single PANI nanowire biosensor for IgG sensing shows the increase of conductance detecting IgG as demonstrated in this work. In addition to the injection of target proteins or PBS, the conductance change of the functionalized PANI nanowire increases or decreases according to the net charge of the injected solution. With regard to the sensing reliability, the conductometric sensing mechanism of the single PANI nanowire biosensor provides steady sensing performance with equilibrium reaction between mAbs and proteins (Gerard et al. 2002) . Furthermore, the conductometric sensing mechanism has advantages not to require reference electrode, to work in low voltage, and to minimize interference with blocking of the functionalized surface (Nyamsi Hendji et al. 1994; Tang et al. 2011 ).
We further investigated the effect of various IgG mAbs concentrations (50 µg/mL, 100 µg/ mL, and 200 µg/mL) by studying the sensitivity of the single PANI nanowire biosensor as well as optimizing the functionalization condition as plotted in Fig. 2D , with a percentage (%) scale for sensitivity and a log scale for IgG concentration. The performance of the single PANI nanowire biosensor is determined by its sensitivity (ΔS/S 0 ; ΔS: absolute value of conductance change, S 0 : initial conductance in PBS). The single PANI nanowire biosensor using IgG mAbs of 50 µg/mL shows ~40% change at low IgG concentration (10 ng/mL). However, the sensitivity saturates at ~50% as soon as reaching the high IgG concentration (300 ng/mL -2 µg/mL). On the other hand, it is observed that the single PANI nanowire using IgG mAbs of 100 µg/mL shows noticeable change along a wide range of IgG concentrations (3 ng/mL -3 µg/mL); better than from the functionalization condition with IgG mAbs of 50 µg/mL. Additionally, the conductance change can be as high as 300% at the highest IgG concentration (3 µg/mL). The single PANI nanowire biosensor using IgG mAbs of 200 µg/mL has relatively low sensitivity and shows a small difference between the low concentration range (5 -100 ng/mL) and high concentration range (100 ng/mL -3 µg/mL) of IgG. Based on this observation, it is concluded that immobilization with IgG mAbs of 100 µg/mL provides the most effective number of receptors than other mAbs concentrations, avoiding insufficiency of detection in IgG mAbs of 50 µg/mL or insensibility that might be caused by agglomeration of mAbs from excessive immobilization with IgG mAbs of 200 µg/mL. Therefore, the optimal functionalization condition of the single PANI nanowire biosensor for IgG detection is IgG mAbs of 100 µg/mL, which is shows high sensitivity and good sensing linearity from a single ng/mL scale up to a µg/mL scale. Proof-of-concept work done with IgG was applied to the single PANI nanowire biosensor for practical application such as Myo sensing, which is one of the most important cardiac biomarkers for cardiovascular disease diagnosis.
Myo sensing
The Myo mAbs were immobilized on the single PANI nanowires using the same method introduced above. The conductance changes of the single PANI nanowire biosensor for Myo detection were measured in PBS, BSA, and Myo solution as shown in Fig. 3A . The single PANI nanowire biosensor shows no response to high concentration of BSA (500 ng/mL) but a clear conductance change to Myo (1.4 ng/mL), demonstrating a good specificity and high sensitivity to Myo. The Myo solution in PBS (pH 7.4) has a weak negative charge due to its pI value of 6.85. Therefore, the captured Myo proteins by mAbs result in negative surface charges on ptype nanowire, and increase the conductance as shown in Fig. 3A . The wide range of Myo concentrations, from 1.4 ng/mL to 2.5 µg/mL, was tested on the single PANI nanowire biosensor using Myo mAbs. It is shown that the single PANI nanowire biosensor measures conductance change detecting Myo in the whole range of Myo concentration (5 ng/mL -2.5 µg/mL) as shown in Fig. 3B . Because the normal Myo concentration ranges in human serum are from 6 ng/mL to 85 ng/mL (de Winter et al. 1995) , the single PANI nanowire biosensor in this research is sensitive enough for the real application diagnosis. Similar to the IgG biosensor, the different concentrations of Myo mAbs (100 µg/mL and 200 µg/mL) were studied to obtain the optimal condition of single PANI nanowire biosensor for Myo detection as shown in Fig. 3C . The single PANI nanowire biosensors using Myo mAbs of 100 µg/mL show higher sensitivity and better sensing linearity in the detection range of Myo proteins (1.4 ng/mL -2.5 µg/mL) than the biosensor using Myo mAbs of 200 µg/mL. Under the optimized functionalization condition (Myo mAbs of 100 µg/mL) in this research, the functionalized PANI nanowire shows uniformly attached Myo mAbs on its surface, as shown in the SEM image (Fig. S3) . Therefore, for the detection of Myo via single PANI nanowire biosensors, we have observed good sensing specificity, linear sensing profile, and high sensitivity as demonstrated in Fig. 3 . Furthermore, these biosensors developed in this research show a fast response time of a few seconds and low detection limit (1.4 ng/mL), which is sufficient for Myo detection in human serum.
Conclusion
A single PANI nanowire biosensor has been fabricated through a site-specific electrochemical growth method and surface immobilization mAbs with the assistance of EDC/NHS in this research. The EDC/NHS assists to form strong covalent bonds between mAbs and PANI nanowire easily and effectively. The proposed biosensors based on single PANI nanowires exhibited good specificity and high sensitivity towards the detection of IgG and Myo. Moreover, the single PANI nanowire biosensor shows the feasibility of label-free detection with a fast response time of a few seconds for various biosensor applications. It is expected that the surface immobilization for single PANI nanowires assisted by EDC/NHS will be employed in other mAbs of various protein detection tests such as cardiac markers or cancer markers in the future.
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